To isolate Babesia equi genes encoding immunodominant proteins, a cDNA expression library prepared from B. equi mRNA was immunoscreened with B. equi-infected horse serum. Eighteen positive cDNA clones were obtained, and the clone that showed the strongest immunoreactivity, designated Be82, was further characterized. The Be82 gene consisted of 1,953 bp and contained a partial open reading frame lacking the 5-terminal sequence. As shown by Western blot analyses, immune sera from mice intraperitoneally injected with the Be82 gene product recognized the 82-and 52-kDa proteins of B. equi but not those of Babesia caballi. The glutathione S-transferase fusion protein expressed in Escherichia coli that was purified and used as the antigen in the enzyme-linked immunosorbent assay reacted specifically with B. equi-infected horse sera. These results suggest that the Be82 gene product is a potential diagnostic antigen candidate in the detection of B. equi infection in horses that will be useful both in the performance of epidemiological studies and in the granting of quarantine passes.
Equine piroplasmosis is an economically important tickborne protozoan disease of horses reported worldwide. This disease is caused by Babesia equi and Babesia caballi (18) . Babesia parasites destroy erythrocytes and induce fever, anemia, and icterus in infected horses (12) . These parasites are usually detected in blood smears only during the acute stage of the infection, and animals that recover from the disease remain parasite carriers. These carriers, as well as those previously exposed or infected, can be identified serologically (6) .
Standard serological tests for babesiosis are the complement fixation test (CFT) and the indirect fluorescent antibody test (IFAT) (5), both of which require large amounts of parasite antigens, particularly in large-scale seroepidemiological surveys. Because of its low sensitivity and specificity, the CFT is unable to detect latent infection and fails to accurately discriminate between negative and carrier animals (24) . With the IFAT, on the other hand, standardization is difficult, considering the subjectivity of the reader in assessing the results (3, 4) . Weiland (25) has demonstrated the strong cross-reactivity of anti-B. caballi horse serum with the lysate of B. equi-infected erythrocytes using an enzyme-linked immunosorbent assay (ELISA). However, with Western blot analysis, Ikadai et al. (8) have noted an erratic or inconsistent cross-reactivity between the anti-B. equi serum and the lysate of B. caballi-infected erythrocytes. In view of the absence of equine piroplasmosis in Japan and the increasing number of horses imported to the country from places where the infection is endemic, the development of a highly specific and sensitive diagnostic system for B. equi is of urgent necessity.
In this study, we isolated and determined the nucleotide sequence of a cDNA clone from a cDNA expression library prepared from B. equi mRNA and we attempted to develop and assess the efficacy of the ELISA system using the gene product in the diagnosis of B. equi infection.
MATERIALS AND METHODS
Parasites. U.S. Department of Agriculture strains of B. equi and B. caballi were grown in horse erythrocytes in vitro as described by Avarzed et al. (1, 2) . Parasite development in vitro was monitored by microscopic observation of Giemsa stain-treated thin smears.
Construction and immunoscreening of a B. equi cDNA expression library. Total RNA was extracted from the B. equi-infected horse erythrocytes with acid guanidinium thiocyanate-phenol-chloroform, and the polyadenylated mRNA was purified with Oligotex-dT 30 latex beads (Takara, Tokyo, Japan). Doublestranded cDNA with an EcoRI or XhoI linker at both terminal sites was synthesized from the mRNA by using a Zap cDNA synthesis kit (Stratagene, La Jolla, Calif.) and then ligated to the EcoRI and XhoI sites of a Zap II phage gene expression vector (Stratagene). A Gigapack III packaging system (Stratagene) was used for the ligation mixture.
The cDNA library (2.5 ϫ 10 5 PFU) was immunoscreened with anti-B. equi horse serum according to the method of Ikadai et al. (10) . In brief, the packed phage were grown on NZYM agar, and the phage plaques were transferred to a nitrocellulose membrane (Schleicher & Schuell, Keene, N.H.) with isopropyl-␤-D-thiogalactopyranoside. The membranes were incubated with anti-B. equi horse serum for 60 min at room temperature and subsequently with alkaline phosphate-conjugated goat anti-horse immunoglobulin G (Stratagene) for 60 min at room temperature and then visualized with nitroblue tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate (Stratagene). Positive phage were plaque-purified to obtain a 100% clonal population. The insert cDNA of the phage was subcloned into a pBluescript SK (ϩ) vector (Stratagene) by the in vivo excision capability of ZAP II (20) .
DNA sequencing. The cDNA clone was digested with the appropriate restriction enzymes, and the smaller inserts of deleted sequence were subcloned into the pBluescript SK (ϩ) vector. The cDNA deletion clones were sequenced with an ABI PRISM 377 DNA sequencer (Perkin-Elmer, Foster City, Calif.) and a dye primer cycle sequencing ready-reaction kit (Perkin-Elmer). Nucleic acid and protein homology searches were performed with the MacVector program (Oxford Molecular, Ltd., Oxford, United Kingdom) on sequences in the National Center for Biotechnology Information (NCBI) database.
Escherichia coli expression of the Be82 gene. After digestion of pBS/Be82 with EcoRI and XhoI, a 1,953-bp EcoRI and XhoI fragment containing the complete cDNA insert was subcloned into the EcoRI and XhoI sites of the pGEMEX-2 (Promega Corp., Madison, Wis.) and pGEX-4T (Amersham Pharmacia Biotech, Little Chalfont, Buckinghamshire, England) E. coli expression plasmid vectors, and the resulting plasmids were designated pGEMEX-2/Be82 and pGEX/Be82, respectively, and later used to transform the E. coli strain BL21 (Stratagene) according to standard techniques (17) . After the transformation, the recombinant products were expressed as T7 gene 10 (gene 10-Be82) or glutathione S-transferase (GST; GST-Be82) fusion proteins in E. coli. The insoluble gene 10-Be82 protein was used in the immunization of mice to produce antibodies against the Be82 gene product, while the soluble GST-Be82 protein was purified and used as the antigen in the ELISA.
Production of antibodies against the Be82 gene product in mice. Six-week-old ddY mice were immunized intraperitoneally with transformed E. coli containing pGEMEX-2/Be82 in complete Freund's adjuvant (Difco, Detroit, Mich.) on day 0. On days 14 and 28, the same mice were given booster shots of the same antigen in Freund's incomplete adjuvant (Difco). Immune mouse sera were collected 10 days after the last immunization.
IFAT. IFAT was performed as described previously (9, 26) . SDS-polyacrylamide gel electrophoresis and Western blot analysis. Purification of the B. equi cells was performed according to methods described previously (14, 15) . Sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis and Western blot analysis of purified antigens were performed as described previously (27) ELISA. The transformed E. coli cells containing pGEX/Be82 were washed three times with phosphate-bufferd saline, lysed in 1% Triton X-100-phosphatebuffered saline, sonicated, and then centrifuged at 18,000 ϫ g for 10 min at 4°C. The purified supernatant containing the soluble GST-Be82 protein was purified with glutathione-Sepharose 4B beads (Amersham Pharmacia Biotech) as described previously (21) . An ELISA using the purified GST-Be82 protein was performed as previously described (10, 26) .
Serum samples. For the ELISA, 10 sera from uninfected horses, 13 sera from horses experimentally infected with B. equi, and 3 sera from horses experimentally infected with B. caballi were used. Four sequential sera from horses experimentally infected with either B. equi (E3 and E4) or B. caballi (C3 and C4) were also used. All sera were obtained from the Equine Research Institute of the Japan Racing Association. They were kept at Ϫ80°C until use.
RESULTS
Cloning and DNA sequencing of the Be82 cDNA clone. Eighteen positive cDNA clones were obtained, and the one cDNA clone which showed the strongest reactivity in the immunoscreening was analyzed further. With computer-aided analysis, it was determined that this cDNA had a total of 1,953 bp (accession number AB062788 in GenBank, EMBL, and DDBJ) (Fig. 1) and contained a truncated open reading frame lacking the starting codon sequence at the 5Ј terminus, which we designated Be82. The sequence from position 1 to the terminal codon contained 1,907 bp, corresponding to 634 amino acid residues, and had a predicted molecular size of 69.7 kDa. The predicted protein had an isoelectric point (pI) of 4.91, which was suggestive of the acidic nature of the Be82 protein. Of the deduced amino acids at positions 1 to 634, 30% were charged. We did not find the signal sequence or any significant homology of the Be82 gene product with protein sequences registered in the NCBI database.
E. coli expression of the Be82 gene products. Two gene products with molecular sizes of 145 kDa (gene 10-Be82) and 136 kDa (GST-Be82) were obtained by using the expression vectors pGEMEX-2 and pGEX-4T, respectively (Fig. 2 ). Anti-B. equi horse serum recognized these proteins in Western blots (data not shown). Since these products contained 35-kDa gene 10 and 26-kDa GST tags, the molecular size of the Be82 protein was estimated at approximately 110 kDa after cleavage of the fusion protein tags. The size of the Be82 gene product, however, was still larger than the size estimated by computeraided analysis (69.7 kDa).
Detection of the native B. equi protein with mouse immune serum against the Be82 gene product. Mouse immune serum was prepared against the gene 10-Be82 protein to examine the specificity of Be82 gene products by IFAT. The immune serum bound to B. equi parasites but not to uninfected horse erythrocytes (Fig. 3) . Mouse immune serum was also used to examine the molecular size of native B. equi Be82 protein by Western blot analysis. Mouse serum recognized both the 82-and 52-kDa proteins in the lysate of B. equi-infected erythrocytes but not in the lysates of B. caballi-infected and uninfected erythrocytes (Fig. 4) To evaluate the efficacy of the Be82 gene product as a diagnostic antigen in the ELISA, the GST-Be82 protein or the GST protein was expressed in transformed E. coli cells and purified by using glutathione-Sepharose 4B beads (Fig. 5) . All of the sera were confirmed to be nonreactive to the GST control antigen (data not shown). Specific antibodies were detected in 8 out of 10 B. equi-infected horse sera at optical densities at 415 nm (OD 415 s) higher than 0.4 (Fig. 6 ). Cross-reactivity of the GST-Be82 protein was observed with three anti-B. caballi horse sera with OD 415 s below 0.4. Our findings demonstrate that the GST-Be82 gene product used in the ELISA was able to specifically recognize the sera of B. equi-infected horses but not those of either B. caballi-infected or uninfected horses at OD 415 s of 0.4 and higher. We used sequential sera previously obtained from horses experimentally infected with B. equi and B. caballi that had shown specific antibodies to B. equi and B. caballi as determined by CFT (7, 26) . The reactivities of the B. equi-and B. caballi-infected horse sera collected at intervals of several days postinfection with the Be82 antigen were examined (Fig. 7) . Sera from the two B. equi-infected horses recognized the Be82 gene product as early as days 12 and 18 after infection. Sera from two B. caballi-infected horses failed to recognize this same antigen.
DISCUSSION
In the present study, we isolated a cDNA clone of 1,953 bp by immunoscreening with B. equi-infected horse serum. This clone had a 1,907-bp truncated open reading frame lacking the 5Ј-terminal sequence. Mouse immune serum against expressed recombinant protein recognized an 82-kDa native antigen of B. equi. This clone was designated Be82, and the cDNA of the Be82 gene was estimated to be approximately 2.3 kbp in length. Therefore, the cloned Be82 gene was smaller than the predicted complete Be82 gene by about 300 bp from the 5Ј end. These data suggest that the Be82 gene we obtained represented just a fragment of the entire length of the cDNA. Work to elucidate the complete Be82 gene by using another cDNA library is ongoing in our laboratory. We have not found any proteins registered with the NCBI database whose amino acid compositions show homology with the amino acid composition that we have deduced from the Be82 gene. Thus, the Be82 gene that we have partially elucidated and presented in this paper could be considered a novel gene of B. equi.
The gene 10-Be82 and GST-Be82 products were found to be about 40 kDa larger than their expected sizes. This discrepancy in molecular sizes may be attributed to the presence of highly charged amino acid residues and to the low pI of the predicted protein, which may have disrupted the binding of SDS to the protein. Similar findings have been reported for the pf322 gene of Plasmodium falciparum and the 200-kDa protein of Babesia bigemina (16, 23) . Despite the discrepancy in molecular sizes, anti-B. equi horse serum recognized these gene products, suggesting that the Be82 gene encodes an immunogenic component of the B. equi parasite that induces humoral immunity. This suggestion was confirmed by the specific binding of antigene 10-Be82 mouse serum only to B. equi-infected erythrocytes and not to uninfected erythrocytes, as determined by IFAT. As shown by Western blot analysis, both the 82-and 52-kDa proteins of the lysate of B. equi-infected erythrocytes were detected by anti-Be82 mouse immune serum. Further analysis using Northern and Southern blotting is necessary to determine if the Be82 gene is located in two regions in the B. equi parasite genome and whether the 52-kDa protein is a precursor of the 82-kDa protein. Since similar proteins were not detected in the lysate of B. caballi-infected erythrocytes by Western blot analysis, the 82-and 52-kDa proteins can be considered specific antigens of the B. equi parasite. The Be82 gene was a partial-length cDNA, and it was deduced that Be82 could be lacking about 330 bp from the 5Ј end.
ELISAs for babesiosis that use recombinant equi merozoite antigens 1 and 2 produced by E. coli (13) or the baculovirusinsect cell system (22, 26) have been developed. In the present study, an ELISA we developed that uses the GST-Be82 protein proved to be highly specific to B. equi antibodies when an OD 415 of 0.4 was used as the cutoff titer. Three B. caballiinfected horse sera cross-reacted with the GST-Be82 protein at an OD 415 of about 0.2. Although the number of serum samples was not enough to examine whether cross-reactivity of the GST-Be82 protein with B. caballi-infected sera was authentic, there is a possibility that B. caballi parasites may share a region bearing antigenicity similar to that of the large-molecular-size recombinant Be82 product, because the gene 10-Be82 and GST-Be82 products were found to be about 40 kDa larger than their expected sizes and the nonspecific cross-reactivity may possibly reside in this shared region. Therefore, more anti-B. caballi and anti-B. equi horse sera may be necessary to establish the authenticity of the cross-reaction as well as to determine the appropriate cutoff titers for the practical diagnosis of B. equi and B. caballi in the ELISA (10, 11, 19) .
In conclusion, we have provided convincing data demonstrating the specificity of the GST-Be82 gene product in the detection of B. equi infection. While this highly specific recombinant protein shows promise for its utilization in the diagnosis of B. equi infection by ELISA, additional work needs to be carried out to elucidate the complete Be82 gene sequence, to further clarify cross-reactivity with B. caballi, and to determine precisely the cutoff titers for B. equi and B. caballi infections by using more horse sera. 
